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Introduction {#sec1}
============

The human skin is colonized by a diverse collection of microbes including bacteria, fungi, archaea, mites, and viruses. The majority of these microbes are commensals or transients that live in a mutualistic relationship with the skin\'s immune system, and recent studies indicate that the skin microbes influence gene expression in the skin ([@bib29]) and are involved in educating and modulating its immune response ([@bib1]). Dysbiosis in the skin microbiome is linked to many skin pathologies such as acne, atopic dermatitis, and psoriasis ([@bib49]).

Ultraviolet radiation (UV-R), on the other hand, has long been known to affect immune response, playing a role in skin carcinogenesis and in certain inflammatory skin diseases including photodermatoses and photoaggravated conditions ([@bib48]). UV-R is known to induce innate immunity and suppress adaptive immune responses in healthy individuals ([@bib39]). UV-R-induced immune suppression is mediated through T cells ([@bib39]), and the immunomodulating properties of UV-R are most often investigated by using the contact hypersensitivity (CHS) model in mice and in humans ([@bib12], [@bib20]). Furthermore, UV exposure is known to induce changes within the transcriptome of the skin and affect the gene expression of various biological processes that contribute to immune response ([@bib41], [@bib42]). Interestingly, a recent study reports the contribution of the skin microbiome to differential regulation of gene expression in the skin, most notably for the genes encoding Toll-like receptors (TLRs) and antimicrobial peptides (AMPs) and genes related to the interleukin (IL)-1 family ([@bib29]). The skin microbiome is also involved in regulating genes responsible for epidermal differentiation and development and in influencing wound healing ([@bib2], [@bib29]).

Although previous studies have shown the broad influence of UV-B on immune function, they have overlooked the potential contribution of the skin microbiome to this phenomenon ([@bib36], [@bib37]). Therefore we employed the model of UV-induced suppression of induction of CHS in sterile, germ-free (GF) mice (totally devoid of microbiome) and found that the skin microbiome inhibited UV-induced immune suppression. Furthermore, in our transcriptome and histological analyses, we observed that a single UV dose induced several pro-inflammatory genes such as IL-1β, IL-6, and IL-18rap; increased microabscesses and neutrophilic infiltration in specific pathogen free (SPF) mouse skin versus induction of anti-inflammatory genes such as IL-10, IL-10ra, IL-20rb, and IL-7r; and increased numbers of mast cells, macrophages, and IL-10^+^ cells in GF skin. Collectively, our results show that the skin microbiome affords immune protection by orchestrating local cellular and innate immune responses to UV.

Results {#sec2}
=======

Skin Microbiome Limits UV-Induced Suppression of Systemic Adaptive Immune Response {#sec2.1}
----------------------------------------------------------------------------------

UV-B is known to inhibit CHS responses to haptens such as dinitrofluorobenzene (DNFB). However, the role of skin microbiome in this induction of immune response has not yet been studied. We irradiated mice on the shaved dorsal skin (ears covered with black electrical tape) with a dose of 618 mJ/cm^2^ (equaling two minimal inflammatory doses; [Figure S2](#mmc1){ref-type="supplementary-material"}). Three days later, the mice were sensitized on the abdomen with 0.5% DNFB and challenged on the ears 5 days later with 0.2% DNFB ([Figure 1](#fig1){ref-type="fig"}A). The skin thickness was measured before and after challenge, and CHS response (as determined by skin swelling) was calculated for the different experimental groups. The presence of skin microbiome inhibited UV-induced suppression of induction of CHS in SPF mice exposed to UV-B before sensitization with DNFB. GF mice showed a significantly reduced CHS response compared with SPF mice (28.6% versus 59.5%) ([Figure 1](#fig1){ref-type="fig"}B). These results show that the absence of skin microbiome at the time of UV-B exposure enhanced immune suppression.Figure 1Skin Microbiome Inhibits UV-B-Induced Suppression of Induction of CHS(A) GF or control SPF mice were subjected to CHS assay as described in detail in [Transparent Methods](#mmc1){ref-type="supplementary-material"}.(B) The ear swelling differences between UV-B-irradiated and non-irradiated mice, with relatively reduced CHS response in GF compared with SPF (28.6% versus 59.5%), indicated immune protection by microbiome. Data shown represent mean ± SEM. N = 5 mice per experimental group; p value determined by Mann-Whitney test.See also [Figure S2](#mmc1){ref-type="supplementary-material"}.

Local Cellular and Innate Immune Responses Differ between GF and SPF Skin after UV Exposure {#sec2.2}
-------------------------------------------------------------------------------------------

UV exposure leads to a series of cellular changes within the skin and systemic immune suppression, which is mediated by release of various immunosuppressive mediators (such as IL-10) and infiltration of the skin by immune cells such as monocytes and macrophages. To understand the cellular events occurring early after UV exposure, we took tissue samples from the UV-irradiated dorsal skin of GF and SPF mice 24 h after exposure ([Figure 2](#fig2){ref-type="fig"}A). Histological analysis of dorsal skin sections ([Figures 2](#fig2){ref-type="fig"}B--2E) revealed that UV-irradiated skin of both GF and SPF mice showed an increase in epidermal thickness, epidermal layers, and cellular infiltrate compared with the unexposed skin ([Figures 2](#fig2){ref-type="fig"}F--2H). No significant difference in epidermal thickness and layers was seen between unexposed GF and SPF skin, well in line with a recently published report ([@bib29]), but baseline density in cellular infiltrate was slightly, although significantly, increased in the skin of unexposed SPF mice compared with that of GF mice. Strikingly, UV-B exposure significantly increased the epidermal thickness ([Figure 2](#fig2){ref-type="fig"}F), epidermal layers ([Figure 2](#fig2){ref-type="fig"}G), and cellular infiltrate ([Figure 2](#fig2){ref-type="fig"}H) to a greater degree in SPF mice than in GF mice. This differential epidermal response to UV could be due to a UV-induced cellular response in the sterile environment of GF mice, resulting in only host-derived damage-associated molecular patterns, whereas in SPF mice host-derived and microbial-associated molecular patterns might amplify the epidermal response to UV exposure ([@bib2]). This is consistent with our observations that UV exposure boosted neutrophilic infiltration in SPF mice to a greater degree than it did in GF mice, as evidenced by the increased numbers of microabscesses (built up mainly by neutrophils) in the epidermis ([Figure 3](#fig3){ref-type="fig"}B) and densely scattered neutrophils in the dermis ([Figure 3](#fig3){ref-type="fig"}C). No significant differences in neutrophil numbers were observed in the unexposed skin of GF versus SPF skin. In parallel, UV-exposed GF skin showed increased numbers of mast cells, Ly6c^+^ cells (activated macrophages in inflammatory tissues), and F4/80^+^ cells (matured tissue macrophages) in the dermis, compared with SPF skin ([Figures 3](#fig3){ref-type="fig"}D, 3F, and 3G). Moreover, the anti-inflammatory cytokine IL-10 ([Figure 3](#fig3){ref-type="fig"}H) was expressed at significantly higher levels in UV-exposed GF skin than in SPF skin (mostly in the cellular infiltrate in the dermis), despite a slightly higher baseline expression of this cytokine in SPF mice. Indeed, it has been recently reported that the microbiome can itself trigger the expression of IL-10 in SPF mice ([@bib29]) ([Figure 3](#fig3){ref-type="fig"}H). No significant difference was observed in the numbers of sunburn cells and CD3+ cells (most likely dendritic epidermal T cells) in UV-exposed and unexposed GF skin compared with SPF skin ([Figures 3](#fig3){ref-type="fig"}A and 3E). Notably, the initial cellular response to UV-B differed between GF and SPF mice. SPF mice showed increased epidermal hyperplasia and dermal cellular infiltration, despite no overall difference in DNA damage as measured in terms of numbers of sunburn cells. Furthermore, dendritic epidermal γδ T cells are known to be activated after exposure to UV and to be involved in limiting DNA damage ([@bib27]); however, we found no significant differences in epidermal CD3+ cells between UV-exposed GF and SPF skin. Collectively, exposure to UV leads to a pro-inflammatory environment with increased epidermal response and neutrophilic infiltration and IL-1β expression ([Figures 3](#fig3){ref-type="fig"}I and [6](#fig6){ref-type="fig"}C) in the presence of microbiome. On the other hand, UV exposure to the skin in the absence of microbiome leads to an anti-inflammatory environment with increased mast cells, monocytes or macrophages, and IL-10 expression that is involved in immune suppression. This indicates that the presence of microbiome orchestrates the response of the skin to UV-B exposure.Figure 2Microbiome Contributes to Increased Cellular Response to UV-B(A) A single dose of UV-B (618 mJ/cm^2^) was administered to the shaved dorsal skin of GF (n = 6) and SPF (n = 6) mice 24 h before tissue collection.(B--H) (B--E) Representative hematoxylin and eosin stainings of formalin-fixed, paraffin-embedded skin sections are shown and indicate a UV-induced increase in (F) epidermal thickness, (G) epidermal layers, and (H) cellular infiltrate to a greater degree in SPF mice than in GF mice. Data pooled from two separate experiments. Data shown represent mean ± SEM. p value determined by Mann-Whitney test.Figure 3UV Exposure Boosts the Infiltration of Skin by Neutrophils and IL-1β in SPF Mice but by Macrophages and IL-10+ Cells in GF Mice(A--I) Quantitative analysis showed highly increased numbers of (B) epidermal microabscesses and (C) increased neutrophil infiltration and (I) IL-1β+ cells in UV-exposed SPF versus GF skin. In contrast, UV-exposed GF skin showed higher numbers of (D) mast cells (i.e., cells with enlarged cytoplasm and multiple granules), (F) Ly6c, (G) F4/80, and (H) IL10 + cells. Besides a slight increase of IL10 + cells in the skin of SPF mice, no differences were seen in baseline levels of (A) sunburn cells and (E) CD3^+^ cells between SPF and GF skin. Data pooled from two separate experiments. Data shown represent mean ± SEM; N = 6 mice for UV-irradiated group and N = 5 for unirradiated group; p value determined by Mann-Whitney test. See also [Figure S1](#mmc1){ref-type="supplementary-material"}.

UV-B Modulates Cutaneous Gene Expression in GF and SPF Skin {#sec2.3}
-----------------------------------------------------------

To further understand the effect of UV on immune response in the presence or absence of the microbiome, we examined gene expression in the UV-exposed and unexposed skin of GF and SPF mice by means of microarray analysis. Biological replicates of UV-exposed GF and SPF skin clustered together as demonstrated by principal-component analysis ([Figure 4](#fig4){ref-type="fig"}A) compared with the unexposed groups. To analyze up- and downregulated gene expression, the distribution was set to false discovery rate 5%, p \< 0.05, and fold change of ±2. In total, 1,075 genes were upregulated and 794 genes were downregulated in response to UV-B treatment in GF mice. In comparison, 539 genes were upregulated and 325 genes were downregulated in SPF mice ([Figure 4](#fig4){ref-type="fig"}B). In this regard, a recent study has revealed differential gene expression (2,820 genes) using RNA sequencing in GF and SPF skin ([@bib29]), indicating that the microbiome can regulate gene expression within the skin. In our microarray analysis, we observed a similar number of differentially expressed genes (2,414 genes) in unexposed GF skin compared with SPF skin. Furthermore, differences in biological processes (plotted as treemap in [Figure S3](#mmc1){ref-type="supplementary-material"} and [Data S4](#mmc5){ref-type="supplementary-material"}) resulting from differentially expressed genes in GF versus SPF skin (determined by microarray), such as regulation of epidermal development, cell division, and cytokinesis were consistent with previously published data (produced by RNA sequencing) by Meisel et al. ([@bib29]). Gene Ontology (GO) terms of the filtered genes were obtained using gene ontology enrichment analysis and visualization tool ([@bib8]) (see [Data S1](#mmc2){ref-type="supplementary-material"}), and the resulting GO terms and p values were used as input for REVIGO ([@bib43]) for visualizing the scatterplots for biological processes ([Figure 4](#fig4){ref-type="fig"}C) in GF and SPF mice. The biological process GO terms enriched in the gene set contained terms related to "defense response" (GO: 0006952), "immune system process" (GO: 0002376), "response to external stimulus" (GO: 0009650), "leukocyte migration" (GO: 0050900), and "chemokine-mediated signaling pathway" (GO: 0070098). The full list of GO terms and associated genes is given in [Data S2](#mmc3){ref-type="supplementary-material"} and [S3](#mmc4){ref-type="supplementary-material"}. In addition, UV-induced differentially expressed genes contributing to disease and functions by ingenuity pathway analysis are given in [Data S5](#mmc6){ref-type="supplementary-material"} and [S6](#mmc7){ref-type="supplementary-material"} for GF and SPF skin, respectively. These results indicate that UV-B acts differentially in regulating the gene expression depending on the skin microbiome.Figure 4UV-B Modulates Gene Expression in GF and SPF Skin(A) Two-dimensional principal-component analysis was done using Partek. Each point corresponds to a specific sample hybridized on one microarray containing 53,617 probesets. Points that are closer together (GF UV+ and SPF UV+) represent similar transcriptomic profile; points that are farther apart (GF UV- and SPF UV-) represent dissimilar transcriptomic profile.(B) The numbers of UV-B-induced differentially expressed upregulated or downregulated genes with p \< 0.05 and FC ±2 are plotted for GF and SPF skin.(C) GO enrichment analysis summarized and plotted using REVIGO scatterplots for biological processes involving UV-induced differentially expressed genes in GF and SPF skin. The scatterplot shows the clusters in two-dimensional space by applying multidimensional scaling for the input GO terms. Log10 p values of GO terms are shown on the y axis (indicated as colors) and log size (frequency of the GO term in the database, bubbles of more general terms being larger) on the x axis.See also [Figure S3](#mmc1){ref-type="supplementary-material"}, [Tables S2](#mmc1){ref-type="supplementary-material"} and [S3](#mmc1){ref-type="supplementary-material"}.

Differential Expression of Interleukins, Chemokines, AMPs, and Other Innate Immune Response Genes in GF and SPF Skin after UV-B Irradiation {#sec2.4}
-------------------------------------------------------------------------------------------------------------------------------------------

Innate immune genes related to cytokines (ILs and chemokines) and AMPs among others are crucial for inducing UV\'s immunological effects. These cytokines are involved in signaling pathways that lead to the activation of various immune cells infiltrating the skin. Furthermore, AMPs are key molecules in maintaining healthy homeostasis between the microbiome and immune system of the skin. Of note, UV-R is known to induce production of various AMPs in the skin ([@bib15]). We analyzed the expression of various cytokines, AMPs, TLRs, and serotonin-related genes within our dataset. Gene intensity values of ILs with p \< 0.05 and fold change ±2 were used to plot the expression heatmap of each mouse group. Genes are clustered by average linkage, and distance was measured using the Euclidean method. Fold change values are plotted for GF UV+/GF UV− and SPF UV+/SPF UV− groups. The most notable changes in gene expression were seen for IL-20rb, IL-22ra1, IL-34, IL-20ra, IL-12rb2, IL-1f10, and IL-22ra2, which were differentially expressed without any UV treatment ([Figure 5](#fig5){ref-type="fig"}A). However, after a single UV-B dose, we observed significant flipping of the expression of these genes in both GF and SPF skin ([Figure 5](#fig5){ref-type="fig"}B). Genes for IL-1β, IL-6, and IL-24 were highly expressed in SPF compared with GF skin after UV-B treatment. On the other hand, IL-20ra, IL-12rb2, IL-22ra1, IL-22ra2, IL-34, and IL-20rb were downregulated by UV-B treatment to a greater degree in SPF skin than in GF skin. However, the gene expression of IL-20rb, IL-34, IL-1f9, IL-2rg, IL-15ra, IL-16, IL-13ra1, IL-31ra, IL-1f6, IL-2rb, IL-7r, IL-10ra, and IL-1f8 was increased in GF skin compared with SPF skin ([Figure 5](#fig5){ref-type="fig"}B). Furthermore, the genes for most chemokines were upregulated after UV-B exposure in both GF and SPF skin. However, we observed a complete flipping of Ccr4 expression in both GF and SPF skin ([Figure 5](#fig5){ref-type="fig"}C). The expression of almost all the genes for chemokines was higher in SPF skin; the few exceptions included CXCL16, CCL6, CCR2, CCR5, and CCL9, which were expressed similarly in both GF and SPF skin. The expression of other genes such as CCL7, CXCL1, CXCR2, CCL2, CCL3, CXCL5, CXCL2, CCR1, and CCL12 was significantly higher in SPF skin than in GF skin after UV-B treatment ([Figures 5](#fig5){ref-type="fig"}D and [6](#fig6){ref-type="fig"}C). Innate immune genes such as AMPs, TLRs, and serotonin-related genes were differentially regulated by UV-B in GF and SPF skin (see [Table S1](#mmc1){ref-type="supplementary-material"}). We found a total of 11 genes for AMPs (S100 family, DEFB, and RNase) to be differentially expressed in GF and SPF skin after UV-B exposure. In addition, TLR13 and TLR1 were significantly upregulated in SPF skin compared with GF skin. Furthermore, serotonin signaling receptor genes HTR2A and SLC6A4 were upregulated in GF skin compared with SPF skin. These data suggested that UV-B exposure resulted in differential expression of various cytokines and innate immune response genes depending upon the presence or absence of skin microbiome, thereby creating in UV-exposed skin an anti-inflammatory (IL-10, IL-10ra, IL-20rb, and IL-7r) environment in GF or pro-inflammatory (IL-1β, IL-6, and IL-18rap) environment in SPF mice.Figure 5UV Induces Differential Expression of Interleukins and Chemokines in GF Versus SPF Skin(A--D) (A and C) Robust multi-array average (RMA) intensities from microarray analyses were used to construct heatmaps. The genes are clustered by average linkage, and distance was measured using the Euclidean method. Fold change in gene expression for various (B) interleukins and (D) chemokines due to UV-B treatment in GF and SPF skin is shown in the bar graph. N = 3 mice per experimental group.Figure 6Effect of UV-B on Various Upstream Regulators and Gene Interaction(A) Predicted upstream regulators enriched in UV-B-treated GF and SPF skin identified by microarray analysis. The upstream regulators (filtered by prediction activation state and p \< 0.05) are plotted based on their -log (p value).(B) Gene interaction network of upstream regulators was visualized using geneMANIA. The genes involved in various functions are represented by colors. Co-expression and physical interactions are also shown in the network.(C) qPCR analysis was done for selected genes from the dataset and gene network of upstream regulators. qPCR was performed in triplicates. Data were pooled from two separate experiments.Data shown represent mean ± SEM; N = 6 mice for UV-irradiated group and N = 5 for unirradiated group; p value determined by Mann-Whitney test. \*p = 0.0332; \*\*p = 0.0021. See also [Tables S1](#mmc1){ref-type="supplementary-material"} and [S4](#mmc1){ref-type="supplementary-material"}.

Potential Upstream Transcription Regulator Genes in UV-B-Exposed GF and SPF Skin and Their Gene Interaction Network {#sec2.5}
-------------------------------------------------------------------------------------------------------------------

Upstream regulators within Ingenuity Pathway Analysis analyzes linkage to differentially expressed genes through coordinated expression and identifies potential upstream regulators that have been experimentally observed to participate in gene expression ([@bib22]). These upstream regulator genes are capable of affecting the expression of other genes or molecules that can be helpful to illuminate the biological activities occurring after UV exposure in GF and SPF skin. Our analyses of significant upstream regulators in GF and SPF skin response to UV-B exposure identified six genes: EP400, SMAD3, IL-1β, AGO2, TNF, and IL10RA ([Figure 6](#fig6){ref-type="fig"}A). We found that EP400, SMAD3, IL-1β, AGO2, and TNF were highly upregulated in SPF skin compared with GF. Intriguingly, after UV-B exposure, IL-10RA was highly activated in GF compared with SPF skin. In contrast, the expression of pro-inflammatory molecule IL-1B was more pronounced in UV-B-irradiated SPF than in GF skin. We further used the GeneMANIA ([@bib44]) to predict the interactions and functional association of the upstream regulator genes. We found several target genes including IL-10, CMA1, MAP2K3, CCL3, CCL4, NFKBIA, IL10RB, TNFAIP3, HSPA1L, IFNG, NFKB2, FOSL1, IL7R, CLEC7A, CD44, IL6, FOS, CYTIP, CLN8, and CD83 that were interacting physically as identified by linking of two gene products in protein-protein interaction studies or were co-expressed with similar expression levels across conditions. Notably, these genes are involved in cytokine activity, inflammatory response, positive regulation of defense response, and response to molecules of bacterial origin ([Figure 6](#fig6){ref-type="fig"}B). To confirm microarray data we performed qPCR analysis of the genes within our dataset and of target genes observed in the gene network of upstream regulators and confirmed significantly higher expression of IL-1F9, IL-10, IL-10ra, IL-16, IL-20ra, IL-20rb, IL-31ra, IL-34, CXCL16, S100A4, and DEFB6 in GF skin than in SPF skin after UV-B exposure. Consistently, gene expression of IL-1β, IL-6, CXCL2, CCL2, CCL3, CCR1, CXCR2, S100A3, S100A8, S100A9, DEFB14, and NE was downregulated by UV-B in GF skin compared with SPF skin ([Figure 6](#fig6){ref-type="fig"}C). Comparing GF and SPF mice, these data suggest that UV exposure leads to differential expression of various upstream regulator genes such as IL-1β and IL-10RA, which can affect the transcription of other genes of the networks shown in [Figure 6](#fig6){ref-type="fig"}B.

Discussion {#sec3}
==========

The impact of UV-R on the immune system was first described in landmark studies conducted by Margaret Kripke and colleagues during the 1970s ([@bib11]). These studies showed that mice lost the ability to reject subcutaneously implanted immunogenic tumors in the immunosuppressive environment created after UV exposure. To illuminate the immune suppression effects of UV-R, CHS and delayed type hypersensitivity (DTH) models were established in which immune responses were found to be suppressed via the mediation of specific regulatory T cells ([@bib39]) and B cells ([@bib26]). We now show that the microbiome of the skin profoundly modulates the effect of UV-B on the immune system.

As demonstrated by our studies in GF and control SPF mice, the presence of microbiome protected against UV-induced immune suppression as measured by the suppression of induction of CHS ([Figure 1](#fig1){ref-type="fig"}). Indeed, our transcriptome analysis revealed the differential regulation of genes after UV exposure in the presence or absence of microbiome, resulting in a predominance of pro-inflammatory cytokines such as IL-1β, IL-6, and IL-18rap versus immunosuppressive cytokines such as IL-10, IL-10ra, IL-20rb, and IL-7r ([Figures 3](#fig3){ref-type="fig"}, [5](#fig5){ref-type="fig"} and [6](#fig6){ref-type="fig"}C). This agrees with recent work showing that microbes or microbial products can induce immunoregulatory effects ([@bib1], [@bib16], [@bib23]), protect against UV-induced skin neoplasia ([@bib34]), and modulate gene expression in the skin and can influence the epidermal development and differentiation ([@bib29]) and wound healing ([@bib2]). Moreover, it is known that certain skin-resident microbes and microbial products can regulate the expression of AMPs ([@bib13]). Furthermore, UV-R can also directly induce the expression of certain AMPs within the skin ([@bib15]), possibly indirectly by the production of pro-inflammatory cytokines. We found significant modulation of AMP expression in UV-exposed GF compared with SPF skin ([Table S1](#mmc1){ref-type="supplementary-material"}). This modulation of AMPs in GF skin may greatly contribute to cellular and humoral cytokine production and immune response in the skin ([@bib24]). UV-exposed GF skin showed an increased expression of TLR13 ([Table S1](#mmc1){ref-type="supplementary-material"}), which is an important site-specific mouse macrophage receptor ([@bib21]). In addition, we observed increased macrophage (Ly6c+ and F4/80 + cells) infiltration and IL10+ cells in UV-exposed GF skin compared with SPF skin ([Figures 3](#fig3){ref-type="fig"}F--3H and [S1](#mmc1){ref-type="supplementary-material"}). Intriguingly, macrophages can produce large amounts of the anti-inflammatory cytokine IL-10, which we observed to be upregulated in UV-exposed GF skin. Moreover, serotonin signaling genes HTR2A and SLC6A4 were significantly upregulated in GF skin compared with SPF skin ([Table S1](#mmc1){ref-type="supplementary-material"}). As serotonin signaling is crucial in UV-induced systemic immune suppression, but not local inflammation ([@bib47]), this supports our observation of increased UV-induced immune suppression, but weaker epidermal response and cellular infiltration, in GF versus SPF mice. A previous study has shown that sensitization through UV-exposed skin induces regulatory T cells (Tregs) and that UV-induced Tregs suppress immune response via production of IL-10 ([@bib28]). GF mice are known to have increased number of cutaneous Foxp3^+^ Tregs compared with SPF mice ([@bib32]).

After exposure of skin to UV-R, IL-10 is secreted to some extent by keratinocytes, but a large amount of IL-10 is produced by bone marrow-derived macrophages infiltrating the skin ([@bib9], [@bib19]). In our gene expression, gene interaction, and immunohistochemical analyses ([Figures 3](#fig3){ref-type="fig"} and [S1](#mmc1){ref-type="supplementary-material"}), the skin of UV-exposed GF mice showed high expression of IL-10 and its receptors (IL-10RA, IL-10RB) compared with SPF mouse skin ([Figures 5](#fig5){ref-type="fig"}A and [6](#fig6){ref-type="fig"}C). IL-10 inhibits the production of IL-1α, IL-1β, and IL-6 by monocytes ([@bib6]); this is consistent with our data showing increased expression of IL-10 and its receptor IL-10ra and reduced expression of IL-1β and IL-6 in UV-exposed GF skin and an opposite effect in SPF skin, namely, increased expression of IL-1β (linked to CHS; [@bib45]) and IL-6 and reduced expression of IL-10 ([Figures 3](#fig3){ref-type="fig"}, [5](#fig5){ref-type="fig"} and, [6](#fig6){ref-type="fig"}C). Interestingly, IL-20rb was seen to be upregulated in UV-exposed GF skin but downregulated in SPF skin. IL-20rb is known to play a major role in signaling related to cutaneous inflammatory response and also to reduce production of IL-1β ([@bib30]). Previous research has shown that commensal microbes can augment IL-1 signaling and subsequently promote effector T cell functions ([@bib32]). Furthermore, UV exposure is known to increase IL-1β expression in the skin ([@bib10]); our data now indicate that this increase is augmented in the presence of microbes ([Figures 3](#fig3){ref-type="fig"}I, [6](#fig6){ref-type="fig"}C, and [S1](#mmc1){ref-type="supplementary-material"}). Moreover, IL-34, which is known to stimulate monocyte and macrophage development and proliferation, was highly expressed in UV-exposed GF skin and downregulated in SPF skin ([Figures 5](#fig5){ref-type="fig"} and [6](#fig6){ref-type="fig"}C). IL-7r, which is known to block innate and adaptive inflammatory responses ([@bib46]), was highly expressed in the skin of UV-exposed GF mice compared with SPF mice.

Alongside these findings, we also observed that UV exposure increased the expression of various chemokines in SPF skin compared with GF skin. We found increased expression of CCL7, CXCL1, CXCR2, CCL2, CCL3, CXCL5, CXCL2, CCR1, and CCL12 ([Figures 5](#fig5){ref-type="fig"} and [6](#fig6){ref-type="fig"}C), which goes well in line with previously published research ([@bib5]) and suggests that UV exposure induces chemokine production, which in turn mediates the recruitment and activation of immune cells. We also observed high expression of pro-inflammatory chemokines CCL2 and CCL3 induced by UV-B in SPF skin. Furthermore, we observed in SPF skin increased levels of CXCL5, which is known to be involved in UV-B-induced hypersensitivity in humans and rats and causes local inflammation by helping neutrophils and macrophages infiltrate the skin ([@bib5]). This is consistent with our observation of increased numbers of microabscesses (which could be aggravated by UV, [@bib33], in the presence of microbes, [@bib17]), neutrophils, gene expression of neutrophil elastase (NE) ([@bib7]), and overall cellular infiltrate in SPF compared with GF skin ([Figures 3](#fig3){ref-type="fig"}C and [6](#fig6){ref-type="fig"}C). CCR4, which is expressed on Foxp3+ Tregs, is critical for suppressing cutaneous inflammatory response, and Ccr4^−/−^ mice exhibit a stronger CHS response than wild-type mice ([@bib40]). We observed that UV-B suppressed the expression of CCR4 slightly more in SPF skin than in GF skin ([Figure 5](#fig5){ref-type="fig"}). A decrease of CCR4 expression could impair DC-T-cell interaction and ultimately lead to enhanced inflammation in the skin ([@bib25], [@bib40]). Our data are consistent with the observation that topical application of *Staphylococcus epidermidis* on the skin results in modulation of cytokines such as CCL3, CCR2, CXCL2, IL-18rap, IL-1β, IL-6 ([@bib31]). We observed these cytokines to be upregulated in UV-exposed SPF versus GF skin ([Figures 5](#fig5){ref-type="fig"} and [6](#fig6){ref-type="fig"}C).

Taken together, our findings suggest that UV-B induces a local pro-inflammatory environment in the skin in the presence of microbes, but promotes an anti-inflammatory environment with an immunosuppressive state in the absence of microbes. These findings are crucial for understanding UV-induced skin carcinogenesis and are in line with a recent report ([@bib34]) showing a protective effect against skin cancer by the common skin commensal *Staphylococcus epidermidis.*

Limitations of the Study {#sec3.1}
------------------------

One limitation of the GF model is that it cannot separate the effects of distal gut microbes from those of skin-resident microbes. The gut microbiome could influence the response of the skin through circulating microbial products or metabolites and thus further modulate the immune response ([@bib35]). Indeed, GF mice showed altered lymphoid organ development in the gut ([@bib3]), but no morphological flaws in the skin ([@bib4], [@bib32]). However, the exact degree to which gut microbiome could influence skin immunity is unknown. The fact that we observed increased immune suppression not only in GF mice but also in topical disinfected SPF mice by using chlorhexidine (data not shown) strongly indicates that the skin microbiome can directly modulate the immune response to UV-B, independent of the gut microbiome. That said, the skin microbiome may have potential physiological implications for other body sites such as gut, which has not been investigated here. Interestingly, a recent study showed that UV irradiation of skin resulted in alteration of intestinal ([@bib18]) and fecal microbiome ([@bib14]). Moreover, diet alone can also influence the functions of skin microbiome in triggering inflammation ([@bib38]).

Methods {#sec4}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.

Data and Software Availability {#appsec1}
==============================

All data needed to evaluate the conclusions in the article are present in the article or the [Supplemental Information](#mmc1){ref-type="supplementary-material"}. The microarray data have been deposited in the Gene Expression Omnibus (GEO) of the National Center for Biotechnology Information and are accessible through GEO Series accession number [GSE117359](ncbi-geo:GSE117359){#intref0010}.
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